Abstract
INTRODUCTION
Tumor angiogenesis is a process involving the proliferation of new blood vessels which penetrate tumors supplying them with nutrients and oxygen [1, 2] . Nowadays, research is focused on the development of anti-angiogenic treatments whose aim is to destroy neoblood vessels which often occur initially without any morphological changes [3, 4] . Until now, treatment evaluation has been based on Response Evaluation Criteria in Solid Tumors (RECIST) [5] . Even though RECIST criteria were recently revised, they still only concern morphological information [6] . It is commonly recognized that this criterion is no longer optimal for the early assessment of anti-angiogenic treatments which primarily target microvascularization. Functional imaging is currently establishing itself as the best modality for evaluating such therapies, by determining a series of semi-quantitative perfusion parameters related to tumor perfusion. These were defined as semi-quantitative as they only provided a relative evaluation of the physiological parameters such as blood flow or blood volume based on the dye dilution theory.
Nowadays, dynamic contrast-enhanced ultrasonography (DCE-US) is becoming increasingly widespread [7, 8] as it allows functional imaging [9, 10] . However, one of its major drawbacks is its intra-operator variability which could have a major impact on measurements, leading to erroneous interpretations. A small difference in perfusion could be interpreted as a functional change but might simply be due to operator variability.
Until now, information on intra-operator variability has been lacking. Consequently, the purpose of our study was to evaluate the intra-operator variability of semi-quantitative perfusion parameter measurements using DCE-US, both in vitro and in vivo, following bolus injections of SonoVue ® (Bracco, Milan, Italy).
MATERIALS AND METHODS

Contrast agents
DCE-US studies were performed using bolus injections of SonoVue ® , a second generation contrast agent, consisting of microbubbles of sulphur hexafluoride (SF6) stabilized by a shell of amphiphilic phospholipids [11, 12] . The SF6 gas does not interact with any other molecules found in the body as it is a very inert gas. The size of the microbubbles, ranging from 1 to 10 μm [12] , allows them to circulate through the whole blood volume. In addition, SonoVue ® is a purely intravascular contrast agent which makes it ideal for the evaluation of perfusion [12] . Insonated at low acoustic power, SonoVue ® , whose nonlinear harmonic response is high [13] , provides continuous realtime ultrasonographic (US) imaging without destroying the microbubbles [14] . Before any US exam, the contrast agent was reconstituted by introducing 5 mL of 0.9% sodium chloride into the vial, containing a pyrogen-free lyophilized product, followed by manual shaking for at least 20 s. One experiment involved several injections of SonoVue ® . As the microbubbles tended to accumulate at the upper surface because of buoyancy, the preparation was systematically manually checked before each injection in order to recover the required homogeneous solution. Each experiment lasted less than 2 h on account of the stability of SonoVue ® over time which is 6 h after its reconstitution [11] .
Time-intensity method
The time intensity method is essentially based on the dye dilution theory: after the injection of the indicators, contrast agent concentration is monitored as a function of time, generating a time intensity curve (TIC) from which a series of semi-quantitative perfusion parameters is extracted and analyzed [15, 16] . To be valid, a series of assumptions must be verified [17] : (1) Flow has to be constant so that the amount of microbubbles injected has no effect on the flux; (2) Blood and contrast agent must be adequately mixed to obtain a homogeneous concentration; (3) Recirculation should not interfere with the first pass; and (4) The mixing of the contrast agent must exhibit linearity and a stable condition [18] . Linearity refers to the linear relationship between bubble concentration and signal intensity and was previously confirmed for low doses by Greis [12] as well as by Lampaskis et al [19] in the context of bolus injection.
In our study, conditions were assumed to be satisfied. The semi-quantitative perfusion parameters that we analyzed were therefore directly extracted from the TIC.
In vitro studies US protocol: SonoVue ® bolus injections were performed through a 1-mL syringe (Terumo ® , Belgium) and a "26Gx1/2" needle (Terumo ® , Belgium). The injection site was marked so that the same site was used for all the in vitro studies. It was positioned at a distance of 30 cm from the input of the phantom.
According to the Guidelines for Evaluating and Expressing the Uncertainty of NIST (National Institute of Standards and Technology) Measurements Results, intraoperator variability studies must be performed under the following conditions: (1) The same measurement procedure; (2) The same observer; (3) The same measuring instrument, used under the same conditions; (4) The same location; and (5) Repetition over a short period of time.
Thus, all the experimental conditions as well as the operators injecting the SonoVue ® and manipulating the ultrasound scanner were the same for all acquisitions.
To minimize errors which might have been due to possible SonoVue ® residues in the injection materials, a new syringe and a new needle were used for each injection. In addition, the circuit was entirely emptied, rinsed and reset with degassed water between each acquisition. Thus, no contrast agent residues were present in the circuit so that the initial conditions were exactly the same for all the experiments.
The three phantoms consisted of a closed-circuit flow model as no contact with ambient air was possible. Consequently, as the water was degassed and the circuit was closed, no significant amount of gas was trapped in the set-up (Figure 1 ).
Images were acquired using a Toshiba Aplio ® ultrasound scanner (Toshiba, Japan) version 6, release 5, connected to a 2.9-5.8 MHz linear transducer (PZT, PLT 604AT probe). Harmonic imaging was performed using the "Vascular Recognition Imaging" (VRI) mode combining: (1) Fundamental B mode imaging, which allows simultaneous but independent grey scale visualization of morphological structures; (2) Doppler imaging, which provides vascular information; and (3) Harmonic imaging, based on the pulse inversion mode, which consists of summing echoes resulting from two waves which are inverted copies of each other. As microbubbles exhibit non-linear responses, the resulting sum of the echoes will be different from 0 implying a non-null signal [20] . Acquisitions lasting 50 s were obtained at a low mechanical index (MI = 0.1) and at a rate of 5 frames per second (fps).
Single straight pipe phantom: The first assembly consisted of a single straight silicone pipe phantom, immersed in a custom-made water tank which was connected to a peristaltic pump (SP vario/PD 5101, Heidolph ® , Germany) providing a defined water flow rate of 42.4 mL/min. This phantom was used to mimic blood flow. Tubing was made of a 1 mm thick silicone pipe with a 2 mm internal diameter. A custom-made probe holder was used to keep the probe still throughout the experiments.
A region of interest (ROI) was set in the upper part of the pipe (Figure 2A ). Each injection involved a new ROI and its associated TIC ( Figure 2B ). Three volumes of SonoVue ® were tested. The first experiment involved five 0.02 mL bolus injections of contrast agent for a total amount of water set at 50 mL in the closed-circuit. This ratio respected that granted by marketing approval ("Autorisation de Mise sur le Marché": AMM) (2.4 mL of SonoVue ® for 5 L of blood). The second experiment was performed by injecting five times a 0.05 mL bolus of SonoVue ® . This volume involved a ratio routinely used for clinical exams (4.8 mL of SonoVue ® for 5 L of blood) and particularly in four studies performed at the Gustave Roussy Institute (IGR), involving 117 patients and 823 DCE-US exams [21, 22] as well as a national project supported by the "Institut National du Cancer" (French National Cancer Institute) [23] . The last experiment involved five 0.08 mL bolus injections of SonoVue ® . As the phantom became more complex, we focused on the IGR ratio previously validated in IGR studies.
Three intertwined pipe phantom:
A second phantom consisted of three intertwined silicone pipes immersed in a custom-made water tank. Two of the three tubes were In addition, as water was degassed, no significant amount of gas was trapped in the circuit. Based on the same set-up, three phantoms were used throughout the in vitro experiments: (a) a single straight pipe phantom; (b) a three intertwined pipe phantom; (c) a dialyzer. The Gustave Roussy Institute (IGR) ratio was tested throughout the in vitro experiments as it corresponded to the ratio (4.8 mL per patient) previously validated and routinely used at the IGR. 1: Peristaltic pump; 2: Syringe; 3: PZT, PLT 604AT probe; 4: Phantom; 5: Custom-made water tank; 6: Reservoir; 7: Tubing (silicone pipe; internal diameter: 2 mm; wall thickness: 1 mm). Once the region of interest was selected, the ultrasound scanner directly allowed access to the time intensity curve associated with the selected region of interest. The linear raw data to be modeled were converted through text files generated by the ultrasound scanner and extracted to obtain a graph using Excel ® ; B: The graph displays the Excel ® curve to be fitted and analyzed in order to obtain the perfusion parameters.
in silicone with an internal diameter of 2 mm and a 1 mm thick wall as in the case of the previous phantom. The third one, originating from a catheter (Surflo ® winged infusion set, Terumo ® , Belgium), had a 1 mm internal diameter and a 0.5 mm thick wall. The input and the output of the phantom were composed of three-way taps (Discofix ® , B. Braun, Melsungen, Germany) allowing linkage between the three pipes ( Figure 3A) . The phantom was connected to the same pump as previously described, providing a defined water flow rate set at 42.4 mL/min. Such an assembly was designed to mimic a complex structure akin to that of vessels in tumors.
A new ROI containing both pipes and water spaces ( Figure 3B ), was drawn for each injection and the associated TIC was obtained ( Figure 3C ). The total amount of water in the circuit was set at 60 mL. Two series of acquisitions were obtained involving, respectively, five 0.03 mL (AMM ratio) and 0.06 mL (IGR ratio) bolus injections of contrast agent.
Dialyzer:
The third assembly was composed of a dialyzer (FX PAED, Fresenius Medical Care, France). The dialysis cartridge, consisting of about 1550 capillaries with an internal diameter of 220 μm, was connected to the peristaltic pump providing a water flow rate of 42.4 mL/min and was immersed in water. To minimize attenuation due to the original plastic case of the dialyzer, a rectangular part of it was removed and replaced by a cellophane sheet to maintain the circuit closed [24] . The advantage of such a phantom was that the capillaries of the dialyzer were comparable in dimension to that of one type of vessel found in the microvascularization (arteriole diameter < 300 μm). In addition, as the size of SonoVue ® microbubbles ranged from 1 to 10 μm [12] , they were about a thousand-fold the dimensions of capillary pores (2.4 nm), thus ensuring the intravascular property of the ultrasound contrast agent.
As shown in Figure 4A , attenuation occurs in the lower part of the dialyzer: it is characterized by a strong decrease in amplitude and a loss of the contrast signal. An ROI was drawn for each of the repeated measurements and only contained the upper part of the dialyzer so that the acquisition was not prone to attenuation phenomena [25] . Based on the selected ROI, the associated time intensity curve was obtained for the analysis ( Figure 4B ). The total amount of water was 100 mL and a volume of 0.10 mL of SonoVue ® was tested five times (IGR ratio). A: Picture of the phantom: three pipes (2 pipes with a 2 mm internal diameter and a 1 mm thick wall, 1 pipe with a 1 mm internal diameter and a 0.5 mm thick wall ) were intertwined to mimic a complex structure akin to that of vessels in the microvascularization; B: Image extracted from an acquisition obtained after a bolus injection of SonoVue ® . As in the case of the first phantom, harmonic imaging was based on the Vascular Recognition Imaging mode. The region of interest contained both pipes and water and was manually drawn for each of the five injections; C: Based on the selected region of interest, the ultrasound scanner provided the time intensity curve converted through text files. These were used to display the associated Excel ® curve to be analyzed.
In vivo studies
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injections of SonoVue ® according to the methodology used in our lab.
Settings:
During the experiments, mice were placed on the left flank and maintained at a constant temperature through a warming pad (TEM, Bordeaux, France) connected to a Gaymar T/Pump ® (Gaymar Industries, Inc., USA). The temperature was regulated with the adjustable thermostat of the pump and was set at 40°C (internal mouse temperature: 39℃). Each mouse was weighed and the tumor volume was determined before each DCE-US exam. The ROI was set to exclusively include the tumor ( Figure 5B-C). An ROI was drawn for each of the repeated measurements and once it was selected, the ultrasound scanner directly allowed access to the time intensity curve associated with the selected ROI. The linear raw data to be modeled were converted through text files and extracted to obtain a graph using Excel ® ( Figure 5D ). A break of at least 15 min was observed between each injection in addition to 3 min of insonation at a high mechanical index (MI = 1.4), so that contrast agent could be eliminated. Mice were kept asleep no more than 2 h. This duration included the time required for the mice to obtain a stationary heart rate after the administration of anesthesia, acquisition time and the duration of the break between each injection. Three injections per mouse were considered for the data analysis. Mice underwent either chemical or gaseous anesthesia.
Chemical anesthesia:
The amount of chemical anesthesia was determined based upon mouse body weight. Once weighed, the required amount of anesthesia was prepared and injected intraperitoneally using the 1-mL syringe and a "30Gx1/2" needle (Microlance™, Ireland). The solution consisted of ketamine (10 mg/mL, Ketalar ® , Parapharm, France) and xylazine (2%, Rompun ® , Bayer, France). To ensure that the mice remained asleep throughout the experiment, 150 µL/g per mouse were systematically injected.
Gaseous anesthesia: Mice were anaesthetized through a 2 L/min inhalation of O2 combined with 2.5% of isoflurane. It was possible to modify the flow rate during the experiment so that mice could be maintained asleep without being endangered throughout the experiment.
US protocol:
Preliminary fundamental B-mode imaging using a 14 MHz PLT 1204AT (Toshiba, Japan) probe was performed to determine the tumor volume prior to the SonoVue ® injection ( Figure 5B ). The largest longitudinal and transversal sections allowed us to determine the tumor volume by measuring the three perpendicular tumor diameters [26] according to the following formula: V = 1/2 × (depth × width × length).
Harmonic imaging was performed in the same way as for the in vitro experiments with a mechanical index set at 0.1 and a rate of 5 fps. Acquisitions lasting 3 min were recorded allowing visualization of both the wash-in and wash-out parts of the TICs.
Data analysis
As already described in the literature, linear raw data (uncompressed linear data obtained before standard videovisualization) have the advantage of exhibiting a linear dynamic range which is the essential part of the evaluation of semi-quantitative perfusion parameters from TICs [27] . Acquisitions involved recording harmonic images after the SonoVue ® injection, using dedicated software, CHI-Q ® , on the Toshiba Aplio ® ultrasound scanner. In a manually outlined ROI, the mean US signal intensity induced by contrast uptake was obtained and expressed in arbitrary units. This was linearly linked to the number and size of microbubbles in the ROI (Aplio ® procedure) [28, 29] . Then, the corresponding TIC to be modeled was converted through text files generated by the ultrasound scanner and extracted to obtain a graph using Excel ® . Seven semi-quantitative perfusion parameters were extracted from this curve: the peak intensity (PI) was the difference between Vmax [maximal intensity value: V(Tmax)] and V0 [Initial intensity value: V(T0)] and represented the highest intensity value attained by the TIC for the defined ROI. The time to peak intensity (TPI), corresponding to Time to Peak Intensity, was the time required for the contrast agent to arrive in the tumor and reach the PI. It corresponded to the difference between the latency time (TL), defined as the time between the injection of the product and the beginning of contrast uptake, and Tmax. From a mathematical point of view, TL corresponded to the time at the intersection between y=V0 and the tangent at Tmax/2. The AUC, AUWI and AUWO corresponded to the area under the curve, the area under the wash-in (from T0 to Tmax) and the area under the wash-out (from Tmax to Tend corresponding to the end of the acquisition) of the TIC. The area calculations were based on the trapezoidal rule: the region under the graph of the fitted curve was approximated by trapezoids whose areas were calculated to provide approximations of the areas under the curve, the wash-in or the wash-out. An additional operation of subtracting the offset on the y-axis was performed so that the total area under the curve was independent of it. The limits of integration were defined as follows:
Where T0 is the initial time. The slope coefficient of the wash-in (WI) was literally defined as the slope of the tangent of the wash-in at half maximum. Finally, the full-width at half maximum (FWHM) was defined as the time interval during which the value of the intensity was higher than Vmax/2. This parameter is commonly considered as a first approximation of the mean transit time (MTT) ( Figure 6 ) [8, 26, 30] . However, as the linear raw data provided by the ultrasound scanner were too noisy, extraction was performed after TIC fitting. This was based on the mathematical model developed at the IGR (Patent: WO/2008/053268 entitled "Method and system for quantification of tumoral vascularization").
( )
 where I(t) describes the variation in the intensity of contrast uptake as a function of time; a0 is the intensity before the arrival of the contrast agent; a1 is linked to the maximum value of contrast uptake; a2 is linked to the rise time to the peak intensity; p is a coefficient related to the increase in intensity; q is a coefficient related to the decrease in intensity; A and B are arbitrary parameters.
The fitted curve was obtained by adjusting all the coefficients of the equation (called the IGR equation) to obtain a sum of the least-squares differences between the linear raw data and the modeled values as close to 0 as possible. Equation parameters were derived through the mathematical model so that asymptotic values were properly defined. This fitting was performed using the Solver program in Excel ® . Through this modeling step, it was possible to avoid recirculation so that the conditions required to apply the time intensity method were fulfilled. Indeed, the IGR equation was used to perfectly fit the wash-in part of the curve while the wash-out part was A: Experiments were conducted with nude female mice aged from 6 to 8 wk. The selected tumor model was the B16F10 melanoma cell line which is a murine skin cancer; B, C: The region of interest contained only the tumor and was drawn for each injection performed. If the image was not well defined using the harmonic mode, the B-mode image was used to correctly define the region of interest; D: As in the case of the in vitro experiments, the ultrasound scanner displayed the associated time intensity curve. This was extracted and converted through an Excel ® file so that the analysis could be performed to obtain the required perfusion parameters. Gauthier M et al . Variability of perfusion parameters using DCE-US adjusted so that recirculation was not taken into account in the final fitted curve (Figure 7 ). This adjustment is often performed [31] to ensure that the conditions required for the time intensity method are adequately verified. Once the fitted curve was determined, the semi-quantitative perfusion parameters were derived according to their previously described definitions.
Statistical analysis
Intra-operator variability was measured as the coefficient of variation (CV) which is the ratio of the SD of a specific parameter to its mean. CV = SD/mean.
For each set of experiments, the CV was evaluated and recorded for each of the seven semi-quantitative perfusion parameters. An overall range of variation was additionally provided in the "Results" part.
RESULTS
In vitro experiments
Three different phantoms were tested. Acquisitions were obtained after five injections of SonoVue ® .
1st phantom -Single straight pipe phantom results:
Three volumes of SonoVue ® were tested: 0.02, 0.05 and 0.08 mL. For each volume, five fitted TICs were obtained following the five contrast agent injections. Data analysis was performed according to the protocol detailed in the "Materials and Methods" part: semi-quantitative perfusion parameters were extracted directly from the fitted TICs and their associated CV values were evaluated. The 0.02, 0.05 and 0.08 mL five injections respectively led to CV values ranging from 6.03% to 11.11%, from 5.23% to 13.24% and from 2.94% to 23.72%. Table 1 shows perfusion parameter CV values obtained following each set of experiments.
2nd phantom -Three intertwined pipe phantom results:
The five fitted TICs resulting from the series of 0.03 and 0.06 mL bolus injections of SonoVue ® were analyzed using the IGR model. Intra-operator variability values were found to respectively range from 2.33% to 9.65% and from 6.12% to 11.62%. CV values associated with each perfusion parameter are shown in Table 2 .
For both these phantoms, maximum CV values were found in correspondence with the highest injected dose of SonoVue ® . This observation might impact on the linear assumption. However, as previously mentioned in the "Time Intensity Method" part, to transfer in vitro results into clinical context, the concentration of interest is the IGR one which remains in the linear range. 3rd phantom -Dialyzer results: Data analysis was performed following five 0.10 mL bolus injections of SonoVue ® . This series of experiments led to intra-operator variability values ranging from 8.11% to 19.11%. Table 3 provides more detailed results associated with each evaluated semi-quantitative perfusion parameter.
In vivo experiments
Intra-operator variability studies were performed on five Figure 6 The graph displays an example of a time intensity curve with 4 of its 7 associated perfusion parameters: the peak intensity or peak intensity (difference between Vmax and V0), the time to peak intensity or time to peak intensity (the difference between Tmax and TL), the slope coefficient of the wash-in (the slope of the tangent of the wash-in at half maximum) and the full width at half maximum or FWHM (corresponding to a first approximation of the mean transit time). The three other perfusion parameters extracted from the time intensity curve were the area under the curve, the area under the wash-in and the area under the wash-out. PI: Peak intensity; TPI: Time to peak intensity. This graph displays both a time intensity curve and its associated fitted curve. Recirculation is avoided through the modeling process so that the conditions required to apply the time intensity method are fulfilled: the Gustave Roussy Institute equation perfectly fits the wash-in part of the curve while the wash-out part is adjusted so that recirculation is not taken into account in the final fitted curve. Gauthier M et al . Variability of perfusion parameters using DCE-US mice following three 0.02 mL, 0.05 mL or 0.1 mL bolus injections of SonoVue ® . Experiments were performed over 5 d.
Chemical anesthesia: Four mice underwent chemical anesthesia. The body weight was found to be 23.5 g (min: 22.6 g; max: 25 g) throughout the experiments. As experiments lasted over 5 d and due to the rapid doubling time of melanoma cells [32] [33] [34] , tumor volume ranged from 93.8 to 599.7 mm 3 with a mean tumor value of 339.39 mm . We calculated the semi-quantitative perfusion parameters directly from the TICs using the IGR mathematical model. CV values ranged from 1.48% to 29.97%. Table 4 shows variability values associated with each perfusion parameter for each mouse.
Gaseous anesthesia:
One mouse underwent gaseous anesthesia. It weighed 24.6 g. The tumor volume was 503.56 mm 3 . CV values were determined based on the fitted TICs and ranged from 1.90% to 24.96%. More detailed results are provided in Table 4 .
DISCUSSION
In this study, intra-operator variability was assessed through the determination of the coefficients of variation of semiquantitative perfusion parameters using three distinct phantoms as well as in vivo. Throughout the experiments, CV values were consistently lower than 30% (Figure 8 ). The area under the curve and the area under the wash-out exhibited CV values below 15.79% both in vitro and in vivo.
Sources of variability
For each set of experiments, conditions such as the probe, the phantom, the whole circuit and the settings of the ultrasound scanner were maintained unchanged so that the assembly remained identical throughout the acquisitions.
The first source of variation could come from the ultrasound contrast agent itself. Indeed, before each injection, SonoVue ® was reconstituted by manual agitation. Consequently, the solution may not have been identically homogeneous throughout the experiments. In addition, the precision of the syringe used to administer SonoVue ® (within 0.01 mL) was low compared to the injected doses. Consequently, variations may have occurred even prior to any acquisition. The second source of variation could come from the injection step. Manual injections were performed by the same operator and a mark was drawn on the injection site so that the same site was used throughout the experiment. A new syringe was used for each injection. However, even if the mark allowed us to maintain the same injection site, it did not provide information concerning the exact position of the syringe within the pipe. In addition, even though the injection was administered by the same operator, variations could have occurred as it was performed manually (rate or angle of the injection). Other errors may have affected the data analysis part. A region of interest had to be selected to compute the TICs. It had to be the same for all TICs. However, as a new ROI was manually drawn for each injection, results may have been tarnished because of mistakes. Additional sources of variation can occur in vivo. Indeed, even if mice were maintained asleep, their physiological parameters were not entirely monitorable and variations may have occurred during the experiments.
The next step concerned TIC fitting. To ensure that no variations could come from the solver itself, a series of ten fittings were performed on the same TIC. The parameters provided by the IGR mathematical model were exactly the same for all the curves which allowed us to conclude that only the first three steps mentioned above may have induced variations in the results.
Study limitations
First, in vitro, the fluid used was water at ambient temperature which did not exhibit the same ultrasound properties as blood [35] [36] [37] (Table 5 ). In addition, none of the phantoms contained tissue-mimicking material [38, 39] : the first two were composed of silicone pipes leading to the same remark as with the fluid: the ultrasound properties of the silicone are different from those of vessels.
The properties of the third phantom were more similar to those of the microvascularization due to its dimensions. However, the parallelism with the capillaries did not reflect the complex and irregular structure of tumor microvascularization. Consequently, the three increasingly complex phantoms we worked with were mainly used for intra-operator variability evaluations and their properties tend to mimic only some in vivo properties which might induce difficulties in transferring in vitro results to in vivo ones. Moreover, in vivo, variability measures were based on three injections. Having more injections to interpret might have provided us with a better statistical analysis: this last limitation was offset by the number of mice we worked on. Another limitation might concern the stability of the ultrasound contrast agent. Indeed, each experiment duration was less than 2 h on account of the stability of SonoVue ® over time which is 6 h after its reconstitution as described by Schneider [11] . However, recent studies reported a significant incidence of spontaneous gas diffusion phenomena on temporal evolution of contrast microbubble size [40] [41] [42] . In the following study, gas diffusion phenomena occurring for 2 h from initial formation of contrast agent was neglected: this assumption might impact the results. Finally, as previously mentioned, the precision of the syringe was a source of variability and the absence of any measurements performed to accurately evaluate microbubble concentration at the injection time might be a limitation.
Intra-operator variability studies using MRI, CT, PET and US Several intra-operator variability studies using MRI, CT and PET have been described in the literature. These reported an overall intra-observer variability ranging from 3% to 30% [43] [44] [45] [46] [47] [48] [49] [50] . The ranges of the semi-quantitative perfusion parameters we evaluated were consistent with those reported in the literature. Evelhoch et al [45] analyzed CV for the initial area under the gadolinium diethylenetriaminepentaacetate uptake vs time curve (IAUC) in 19 patients examined with two scans. The CV was found to be 18%. Wells et al [47] evaluated regional flow and the volume of tissue distribution of the contrast agent in tumor and normal tissue in 5 patients who underwent two PET-CT using inhaled C 15 O2 1 wk apart. They obtained CV values ranging from 9% to 14% (11% in the tumor) for the flow and from 3% to 13% (6% in the tumor) for the volume Hedrick et al [36] , Gupta et al [35] , Goldstein et al [37] .
Gauthier M et al . Variability of perfusion parameters using DCE-US distribution. Myocardial perfusion values using CT imaging were determined by Groves et al [49] using two different approaches: the maximum-slope method and the peak method. CV values ranging from 12.6% to 23.7% for intra-observer agreement were observed. No published studies on intra-operator variability using DCE-US were found in the literature. Our results are concordant with these previous findings since the overall intra-operator variability of the semi-quantitative parameters observed both in vivo and in vitro ranged from 1.48% to 29.97%.
Anti-angiogenesis therapies and DCE-US imaging
Anti-angiogenic treatments inhibit the formation of neoblood vessels in tumors obstructing their dissemination because of the lack of a blood supply. Such drugs exert activity primarily on the microvascularization: they may be effective even if no obvious change in tumor shape is observed after their administration. In order for functional imaging to be efficient in assessing such treatments, the variability of any semi-quantitative perfusion parameters should be lower than any reduction in perfusion. Thomas et al [51] found a decrease of 40% in AUC values, using DCE-MRI, at day 28 in 43 patients suffering from advanced cancers (24 colorectal, 1 breast, 2 mesothelioma, 6 neuroendocrine, 2 renal and 8 others) and who received single-agent PTK/ZK. Other studies demonstrated that reductions in perfusion following anti-angiogenesis treatments, using MRI, CT, PET or US, range from 30% to greater than 90% [26, [52] [53] [54] [55] . For example, Lavisse et al [26] studied the evolution of the peak intensity (PI), the TPI and the FWHM after the administration of AVE8062. They found that 6 h after the injection, the PI value represented 7% of the initial PI, TPI was three-fold higher than the initial TPI and FHWM was twice the initial FWHM.
In the light of these data, the CV values found in the current DCE-US study justified its use as an imaging method for assessing anti-angiogenic treatments.
In addition, in this study, the AUC and AUWO exhibited both in vitro and in vivo CV values below 15.79%. This is a major result considering the previous findings reported by Lassau et al [22, 56, 57] in different types of tumors such as GIST or RCC: among the seven semi-quantitative perfusion parameters evaluated, the two parameters which always correlated with the RECIST response and overall survival were the AUC and the AUWO. These two complementary observations highlight the reliability of such parameters in assessing anti-angiogenic treatments: AUC and AUWO are associated to a good correlation to RE-CIST response as well as to low intra-operator variability values. The TPI may also be considered a parameter of interest as it exhibited CV values in a range noticeably similar to AUC and AUWO: it ranged from 4.41% to 17.63%.
Dynamic T1-weighted MRI and CT are commonly used in assessing tumor angiogenesis as DCE-US suffers from some limitations. One of its major drawbacks is its operator dependence. In addition, CV values might depend on the organ as some can be more challenging to image such as the liver suffering from respiration artifacts. There is also a limited depth penetration making imaging of deepest regions difficult [50, 58] . Finally, some anti-angiogenic treatments mainly involve change in tumor vasculature permeability without tumor flow. Consequently, as ultrasound contrast agents are purely intravascular, DCE-US can only provide tumor blood flow information: no information concerning tumor permeability can be determined [50] . On the other hand, further studies involving intraoperator variability might support DCE-US as the imaging method of choice for the early evaluation of antiangiogenic drugs because it also has many additional specific advantages. Contrast agents used in DCE-MRI are extracellular ones and no linear relationship exists, whatever the dose between the measured signal and the concentration of the MRI contrast agents [50] . DCE-US involves working with purely intravascular contrast agents. In addition, within a certain range, the measured intensity exhibits a linear relationship with microbubble concentration making it possible to assess perfusion parameters. In spite of the advantage of a linear relationship between the change in CT intensity and the concentration of the contrast agent as well as a high spatial resolution, DCE-CT has a low sensitivity and high concentrations of contrast agent can be toxic [50] . PET and SPECT modalities are highly sensitive to very low tracer concentrations but exhibit a poor resolution [50] compared to that of DCE-US. In addition DCE-US has advantages linked to ultrasound imaging: it is non-invasive, easy to use, not expensive, rapid and widely available.
Further studies
In this study, intra-operator variability measurements were based on semi-quantitative parameters, i.e. parameters extracted from the measured TIC within phantoms or tumors. Such parameters are often determined to estimate physiological parameters but do not take into account variations linked to physiological effects [31] . Blood flow and blood volume could be determined using methods that take into account patient hemodynamic conditions as well as the way the contrast agent is injected [31] which are elements included in the arterial input function. Consequently, further studies including the arterial input function will have to be performed to determine its influence on the DCE-US technique.
This work performed using in vitro and in vivo models demonstrated that among the seven semi-quantitative perfusion parameters, two (the AUC and the AUWO) linked to the blood volume and blood flow [9, 10] exhibited an intra-operator variability value below 15.79% and could be the most reliable for early evaluation of antiangiogenic treatments.
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Background
Early functional imaging of anti-angiogenesis treatments in oncology is of major importance. Dynamic contrast-enhanced ultrasonography (DCE-US) is now
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